Previous presence/absence studies have indicated a correlation between the presence of the pathogenic amoeba Naegleria fowleri and the presence of bacteria, such as the fecal indicator Escherichia coli, in environmental surface waters. The objective of this study was to use quantitative real-time polymerase chain reaction (qPCR) methodologies to measure N. fowleri and E. coli concentrations within a Texas reservoir in late summer, and to determine if concentrations of N. fowleri and E. coli were statistically correlated. N. fowleri was detected in water samples from 67% of the reservoir sites tested, with concentrations ranging up to an estimated 26 CE (cell equivalents)/ 100 mL. E. coli was detected in water samples from 60% of the reservoir sites tested, with concentrations ranging up to 427 CE/100 mL. In this study, E. coli concentrations were not indicative of N. fowleri concentrations. Key words | Lake Granbury, microbial water quality, primary amoebic meningoencephalitis, qPCR, quantitative real-time PCR, recreational water quality et al. ; Marciano-Cabral ; Detterline & Wilhelm ).
INTRODUCTION
The free-living amoeba Naegleria fowleri is the causative agent of the rare brain disease primary amoebic meningoencephalitis (PAM) (Marciano-Cabral ). The disease is particularly troublesome because it mostly affects previously healthy children and young adults (Marciano-Cabral ) and is virtually always fatal; of the 138 documented cases in the United States , only one patient survived the infection (Yoder et al. ; J. S. Yoder, Centers for Disease Control and Prevention, USA, personal communication, 2012 USA, personal communication, , 2013 .
N. fowleri is both pathogenic, demonstrated by the amoeba's ability to lyze mammalian nerve cells on contact (Marciano-Cabral & Cabral ) , and thermophilic, defined as having the ability to grow at 40 W C or higher (De Jonckheere ). The majority of N. fowleri infections are acquired intranasally as a result of swimming in warm, fresh or brackish surface water containing the amoeba (Heggie ) . Under circumstances that are not completely understood, one or more amoebae may flow into a swimmer's nasal cavity, attach to the nasal mucosa and migrate along the olfactory nerves into the brain (John ; Marciano-Cabral & Cabral ) . The disease progresses rapidly, causing death within an average of 10 days from exposure (Yoder et al. ) .
N. fowleri has been detected on every continent except Antarctica (De Jonckheere ) and has been isolated from several natural lakes and reservoirs in the USA (Wellings () reported that most of the pathogenic free-living amoebae were isolated from those thermal pools with a 'high coliform count'. In a study of the vertical distribution of free-living amoebae in a South Carolina lake, Kyle & Noblet () found a correlation between the presence of thermotolerant amoebae and the presence of bacteria (p < 0.005), and they observed that 'significant numbers of [free-
living amoebae] were isolated from layers of filamentous 
METHODS

Site description
Lake Granbury, located about 30 miles southwest of Fort Worth, Texas, is a popular reservoir for recreation (Brazos River Authority ) and is used as a municipal, industrial and agricultural water source. Land uses within 1 mile of the lakeshore are predominantly single-family residential (42%), followed by rangeland (24%) and cropland and pasture (22%) (Lake Granbury Watershed Protection Plan Stakeholders Committee ).
Due to concerns about elevated E. coli levels in coves around the lake, the Brazos River Authority (BRA) has sampled several sites on a monthly basis since 2002, and is currently working with federal, state and local entities to implement a Watershed Protection Plan focused on reducing bacterial contamination (Brazos River Authority ).
Through the planning process, the BRA has identified several potential sources of E. coli contamination, including human waste from improperly functioning waste water treatment systems, as well as animal waste from pets, livestock, birds, and other wildlife (Lake Granbury Watershed Protection Plan Stakeholders Committee ).
Sample collection
Between 11 with 750 μL extraction buffer (with 0.1% bovine-serum albumin or BSA) and 225 μL potassium acetate were added to each 2 mL microtube. Following filter disruption in a bead beater, microtubes were centrifuged at 4,000 g for 1 min and 700 μL of the supernatant was transferred to a fresh 2 mL tube. Next, 1,050 μL of DNA binding buffer and 10 μL of acid-washed silica were added and vortex-mixed, followed by room-temperature incubation for 5 min. Tubes were centrifuged at 4,000 g for 1 min to pellet the silica/ DNA and the pellet was washed twice with 500 μL of wash buffer. After removing any visible liquid, tubes were dried in a 65 W C oven for 30 min. The silica was vortexmixed with 120 μL of elution buffer (with BSA added to 0.1% final concentration), followed by incubation at 65 W C for 10 min. Lastly, tubes were centrifuged at 8,000 g for 1 min to pellet the silica and 100 μL of the supernatant (extracted DNA) was transferred to a fresh microtube.
Although an internal control qPCR assay was used to quantify inhibition (allowing for correction of the data), it was necessary to reduce the level of inhibition in the eluted DNA as much as possible (see Opel 
RESULTS
N. fowleri concentration results
The N. fowleri target DNA sequence was detected at 66.6%
(n ¼ 28) of the 42 sites around Lake Granbury and in 50%
(42 of 84) of the water samples that were collected during baseflow conditions (Figure 1 , Table 2 ). These results indicate that N. fowleri was widespread in Lake Granbury during the study period.
The units for all intermediate qPCR results are given as target DNA copies per 100 mL of environmental water (copies/100 mL), written simply as 'copies'. Multiple copies of the target DNA sequence are equivalent to one N. fowleri cell, as described in the 'Copy number quantification' section below.
For water samples in which N. fowleri was detected, quantities of target DNA ranged from a low of seven copies to a high of 256 copies (Site 2); the mean quantity was 42 copies. The N. fowleri target DNA sequence was only detected during baseflow conditions; none were detected in any of the 16 stormflow samples (Table 3 ). In the baseflow samples, the average number of N. fowleri 
E. coli concentration results
For the E. coli assay, the target DNA sequence was detected at 59.5% (n ¼ 25) of the 42 sites around Lake Granbury during baseflow conditions, indicating that E. coli was widespread in Lake Granbury during the study period.
Since the uidA gene is a single-copy gene ( conditions (Figure 3 , Table 3 ). For the same seven sites, the mean concentration (for sites where E. coli was detected) increased from 83 CE to 2,633 CE. Again, there was no statistically significant difference between surface and subsurface copy number (p ¼ 0.844).
N. fowleri and E. coli correlation results
No statistical correlations were found between the results of the qPCR assays for N. fowleri and E. coli under baseflow conditions. Using the Spearman correlation coefficient, we found that there was no significant correlation between target microbe abundance in surface (p ¼ 0.47, r ¼ 0.11) or subsurface (p ¼ 0.31, r ¼ À0.16) samples.
With qPCR results from baseflow and stormflow conditions combined, a weak correlation was found between N. fowleri and E. coli. For the surface samples, the relationship between N. fowleri and E. coli numbers was not statistically significant (p ¼ 0.369, r ¼ À 0.13), but for the subsurface samples there was a significant correlation (p ¼ 0.036, r ¼ À 0.30). In consideration of this result, it is important to recognize that many of the physical and chemical conditions changed dramatically between the baseflow and stormflow samples (Painter ) . This weak negative Lavender & Kinzelman ).
Copy number quantification
For E. coli, absolute quantification is relatively simple because the uidA gene is a single-copy gene (Noble et al.
)
; one copy is representative of one E. coli cell.
For N. fowleri, absolute quantification was hampered due to the lack of information available on the target copy number. Optimization trials revealed that the Qvarnstrom assay used in this study, which targets the 18S rRNA gene, is more sensitive than assays that have targeted the Mp2Cl5 
DISCUSSION
The results of this study indicate that N. fowleri was distributed throughout Lake Granbury during the sample period ( Figure 1 ). N. fowleri was detected in water samples from most of the sites in Lake Granbury (66.6%), with concentrations ranging from an estimated 1-26 CE/100 mL. For the samples that we collected under baseflow conditions in Lake Granbury, the average water temperature fowleri tended to have a diverse bacterial structure.
Microbial community analysis of surface water samples may reveal relationships that are helpful in assessing the degree to which bacteria-rich waters present an increased risk to swimmers.
CONCLUSIONS
We used two qPCR assays to rapidly and sensitively quantify the pathogenic amoeba N. fowleri and the fecal indicator 
